Abstract This study was carried out to find a method to control tyrosine decarboxylase activity (TDC) of a strain of Enterococcus faecium capable of producing high levels of tyramine. To select a TDC inhibitor, enzyme assay was first performed using purified TDC enzyme and 0.1% of TDC inhibiting chemicals. When 0.23% of nicotinic acid was added, tyramine content (363 ug/mL) was lower than that of the control group (873 ug/mL). At the same time, bacterial growth was decreased 1 log cycle from 8.62 to 7.56 log CFU/mL. TDC expression level in E. faecium was measured by using RT-qPCR. Lower expression level (below 0.7) was observed after the addition of 0.23% nicotinic acid (in vitro). When cheonggukjang was manufactured with addition of nicotinic acid, tyramine contents were decreased from 698.67 to 117.27 mg/kg when the concentration of nicotinic acid added was increased from 0.10 to 0.30%. These results suggest that nicotinic acid could be used as an agent (TDC inhibitor) to reduce tyramine content in cheonggukjang.
Introduction
Tyramine is a biogenic amine (BA) produced in proteinrich fermented foods such as cheese, salami, dry sausages, and soybean pastes [1] [2] [3] . Adverse effects due to large amounts of tyramine ingestion through diet are known as 'cheese reaction'. They can result in migraine, hypertension, vasoconstriction, increased cardiac output, increased respiration, elevated blood glucose, and release of norepinephrine [4, 5] . Hence, upper limits of tyramine in foods have been suggested to be 100-800 mg/kg [6] .
In fact, tyramine is produced in fermented foods through the decarboxylation of tyrosine by microorganisms. Tyrosine decarboxylase (TDC) activity has been produced by a variety of lactic acid bacteria (LAB), including several strains of Enterococci and Lactobacilli actively present during the manufacture of most fermented foods [7, 8] . In most of previous studies, tyramine contents in Korean fermented soybean pastes such as cheonggukjang are up to 2000 mg/kg [3, 9] . And other studies have reported that Enterococcus faecium was detected in cheonggukjang as tyramine high-producer [3, 10] . Also, more than 90% of E. faecium strains isolated from dairy products were identified as tyramine producers. Similar results were reported for E. faecalis and E. durans [11] . However, Enterococci are ubiquitous microorganisms with heat tolerance. They can survive under adverse environmental conditions [12] . Therefore, it is difficult to control Enterococci.
To effectively inhibit tyramine in Enterococci, TDC activity should be selectively controlled. Zhang and Ni [13] have also reported that some mineral ions such as Cu 2? , Fe 2? , and Al 3? can severely diminish TDC activity in LAB. And this result is similar to Gale [14] . In addition, amino acid decarboxylase inhibition was observed in the culture treated by sugars, acids, and sulphur dioxide (SO 2 ) [15, 16] .
However, there is little information on the relationship between inhibition of TDC activity in Enterococci and tyramine reduction. Therefore, the objective of this study was to determine the inhibitor effect of chemicals on TDC enzyme based on our previous study [17] . After selecting TDC inhibitors, the growth of bacterial cell and the TDC activity were observed through in vitro tests. Gene expression levels were determined by realtime quantitative PCR (RT-qPCR). These results might help us manufacture tyramine controlled cheonggukjang.
Materials and methods

Bacterial strains and reagents
Tyrosine decarboxylase (TDC: EC 4.1.1.25), L-tyrosine, tyramine hydrochloride (99%), and dansyl chloride as derivatizing reagent and acetonitrile as mobile phase were purchased from Sigma-Aldrich (St. Louis, MO, USA). TDC gene information of E. faecium was obtained from Genbank (NCBI). Enterococcus faecium KCCM 12118 (ATCC 19434) having TDC gene and Bacillus subtilis KCTC 3014 used for the in situ test were purchased from Korean Culture Center of Microorganisms (KCCM, Seoul, Korea) and Korea Collection for Type Cultures (KCTC, Jeongeup, Korea). These strains were inoculated into tryptic soy broth (TSB, Difco, Detroit, MI, USA) and incubated at 35 ± 2°C for 24 h. These strains were stored as 60% glycerol stock at -70°C.
Enzymatic activity assay and HPLC analysis
Enzyme activity assay was used to select inhibition substances that could affect the activity of TDC as described by Zhang and Ni [13] . Enzymatic activity of TDC was determined in a reaction mixture solution (0.2 M sodium acetate buffer, pH 5.4, 2.5 mM L-tyrosine, 0.1% of chemical candidate) in a final volume of 1 mL. The reaction mixture was incubated at 37°C for 20 min. Then 0.4 M perchloric acid was added to the mixture and incubated for 3 h to inactivate the enzyme and extract tyramine. Derivatization of tyramine was carried out according to procedures developed by Ben-Gigirey et al. [18] . Briefly, 1 mL of extract solution prepared above was mixed with 200 lL of 2 M NaOH and 300 lL of saturated NaHCO 3 . Two mL of dansyl chloride solution (10 mg/mL) prepared in acetone was added to the mixture followed by incubation at 40°C for 45 min. Residual dansyl chloride was removed by adding 100 lL of 25% NH 4 OH. After incubation at room temperature for 30 min, the volume of mixture was adjusted with acetonitrile to 5 mL. Finally, the mixture was centrifuged at 30009g for 5 min and the supernatant was filtered through 0.2 lm pore size filters (Advantec. Tokyo, Japan). Tyramine analysis was performed using HPLC system (Waters 2996 photodiode array detector, PDA) at 254 nm equipped with a Nova-pak C18 (4 lm, 150 9 3.9 mm column) obtained from Waters (Waters Corp., Milford, MA, USA).
DNA extraction
DNA was extracted from bacterial culture using G-spin TM Genomic DNA kit (Intron, Seongnam, Korea) according to the manufacturer's protocol. TDC gene identification was performed after PCR amplification. TDC primers and q-tdc primers were used for reverse transcription PCR and realtime-qPCR ( Table 1 ). The amplification program was as follows: 94°C for 5 min (initial denaturation), 35 cycles of 94°C for 1 min (denaturation), 50°C for 2 min (annealing), and 72°C for 1 min (extension) followed by a final extension step at 72°C for 7 min.
RT-qPCR analysis
RT-qPCR was performed to examine mRNA expression level of TDC. Enterococcus faecium KCCM 12118 was cultured in modified TSB medium in the presence of the final selected TDC inhibitor. The strain was harvested by centrifugation at 13,0009g for 1 min and washed with 1 9 TEA buffer. Total bacterial RNA was isolated using Easy-Red bacterium/yeast/fungus (BYF) total RNA extraction kit (Intron, Seongnam, Korea) according to the manufacturer's protocols. Afterwards, cDNA synthesis was performed by using Maxime PCR premix kit (Intron, Seongnam, Korea). The resulting cDNA (2 lL) was mixed with 10 lL of SYBR Premix Ex Taq (Takara, Kyoto, Japan) and primer pairs (5 pmol each qPCR, q-tdc for target gene, q-gap for reference gene) in a 20 lL reaction volume followed by amplification for 40 cycles of the following protocol: a denaturation step at 95°C for 15 s, an annealing step at 60°C for 15 s, and an extension step at 72°C for 33 s in an ABI Prism 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Gene expression levels were calculated using 2 -DDCt method [19] .
In situ application test
White soybeans were soaked in water at 10°C for 12 h and steamed at 121°C for 30 min. Steamed soybeans were cooled to 50°C. Then an inoculum suspension consisting of B. subtilis KTCT 3014, E. faecium KCCM 12118, and TDC inhibitor were added into cooled soybeans. The cheonggukjang was fermented at 45°C for 48 h into bamboo baskets/trays (25.5 9 15.5 9 4.7 cm) in a fermentation room, under aerobic condition. After the 48 h of fermentation, samples of cheonggukjang were stored at -70°C for further tests (Table 2) .
Statistical analysis
Data are presented as mean ± SD (n = 4). All statistical analyses were performed using SPSS statistical software package (IBM SPSS statistics 20, Inc.,Chicago, IL, USA). Differences between means of individual groups were assessed by Tukey's multiple range test. Statistical significance was considered at p \ 0.05.
Results and discussion
Screening of various chemical substances to identify inhibitor of tyrosine decarboxylase (enzyme assay)
A total of 44 types of TDC inhibitory chemical substances were selected based on previous studies [13] [14] [15] [16] [17] . When these chemicals were applied at 0.1% to TDC enzyme, a total of 13 types reduced TDC activity by more than 5% compared to the control, including water soluble vitamins (riboflavin, nicotinic acid, and pantothenic acid), short chain fatty acids (propionic acid, valeric acid, and hexanoic acid), sugars (sucrose), and salts (copper salts, silver nitrate, and sodium chloride). Among water-soluble vitamins, pantothenic acid, riboflavin, and nicotinic acid reduced TDC activities by 8.7, 7.4, and 6.3%, respectively. However, pyridoxine, thiamine, and biotin increased tyramine level by 0.2-23.2% compared to the control. Many previous authors have reported the influence of vitamin B on tyramine production and growth in Enterococci [11, 17, 20] . Copper ions (68.0-82.2%) and silver ion (98.6%) also strongly inhibited TDC activities in the present study, similar to results reported previously [13, 14] . However, silver nitrate and copper chloride have in vivo toxicities. Therefore, they were excluded from in vitro experiments in this study. Our results showed that sucrose reduced TDC activity by 8.3%, similar to results reported by Fernández et al. [15] .
Tyramine productivity after application of TDC inhibitory chemicals (in vitro)
Eleven selected chemical candidates were added into modified TSB medium at different concentrations (0.1, 0.5%) ( Table 3) . Tyramine high-producing strain (E. faecium KCCM 12118) was then incubated at 35 ± 2°C for 24 h. When TDC inhibitory chemicals were added at concentration of 0.1%, tyramine production level was in the range of 1037.13-1234.59 lg/mL. Eight chemicals showed similar levels of tyramine production compared to the control (1183.81 lg/mL). However, copper ions inhibited bacterial growth. When the concentration of TDC inhibitory chemicals was increased to 0.5%, tyramine production level was in the range of 12.96-1742.44 lg/ mL, which was substantially different from that in the control. Riboflavin (1742.44 lg/mL), pantothenic acid (1292.35 lg/mL), and sucrose (1119.72 lg/mL) increased tyramine production whereas nicotinic acid (211.14 lg/ mL), valeric acid (163.97 lg/mL), and hexanoic acid (12.96 lg/mL) decreased tyramine production by more than 50% compared to the control. The optimum concentration of TDC inhibitor was then decided based on the following criteria: when TDC inhibitory chemical was Mean ± standard deviation c ND not detected (amine level is less than 0.1 ug/mL, cells count is less than 2.0 log CFU/mL) applied, it should affect the growth of bacterial strain at minimum level (\1 log cycle) and its effect of reducing tyramine productivity should be more than 50% compared to that of the control. Results are shown in Fig. 1 .When nicotinic acid was added at concentration of 0.23%, tyramine content was at 363.32 lg/mL, which was reduced by 58% compared to that in the control. Cell count was 7.48 log CFU/mL, which was not significantly different from that in the control (8 log CFU/mL). When valeric acid was added at concentration of 0.19%, tyramine content was at 528.25 lg/mL, which was reduced by 56% compared to that in the control. Meanwhile, cell count in this case was .31 log CFU/mL, which was less than that when nicotinic acid was applied. When hexanoic acid was added at concentration of 0.14%, tyramine content was 270 lg/mL, which was reduced by 69% compared to that in the control. However, cell count in this case was at 6.97 log CFU/mL. Among these three candidates (nicotinic acid, hexanoic acid, and valeric acid) obtained through secondary selection, nicotinic acid was finally selected due to the fact that hexanoic acid and valeric acid affected bacterial growth more compared to nicotinic acid. In addition, valeric acid induced off flavor.
mRNA expression levels of TDC in tyramineproducing strain added with TDC inhibitor based on RT-qPCR RT-qPCR assay was carried out to monitor the inhibitory effect of nicotinic acid on TDC gene expression in E. faecium. Cycle threshold (Ct) value of target gene was compared to the Ct value of reference gene. Results showed that TDC mRNA expression level in E. faecium grown in modified TSB medium added with nicotinic acid (0.20-0.25%) was generally lower than that in the control without any addition of nicotinic acid. When nicotinic acid was added at more than 0.23%, mRNA expression levels of TDC were gradually and significantly (p \ 0.05) decreased compared to that in the control (Fig. 2) . Ct values are related to TDC activity. They have been detected in cheeses with higher concentrations of tyramine [21] . According to Zhang and Ni [13] , mineral ions could change the relative TDC activity. Landete et al. [16] have also indicated that sugars and organic acids can affect both histidine decarboxylase (HDC) expression and HDC activity. These results suggest that nicotinic acid as TDC inhibitor can affect both TDC expression and tyramine production in E. faecium.
Using nicotinic acid for tyramine reduction in food system (lab scale)
After 24 h of fermentation, both total aerobic cell count and viable cell count of Bacillus spp. showed 9 log CFU/g. These levels lasted until the end of fermentation. However, the number of Enterococcus strains in cheonggukjang with or without addition of nicotinic acid (control) showed different results. When nicotinic acid was added at more than 0.20%, Enterococcus cell was not found after 24 h of fermentation. It was finally found at the end of fermentation. This suggests that the growth of Enterococcus cells might have been initially influenced by nicotinic acid. Such result might be a secondary effect of nicotinic acid. As shown in Table 3 , addition of nicotinic acid at 0.5% affected the growth of Enterococcus strains in in vitro test. On the contrary, when nicotinic acid was added at concentration lower than 0.15%, Enterococcus cell count was at 4 log CFU/g after 24 h of fermentation. It was at 8 log CFU/g at the end of fermentation, which was not significantly different from that in the control (data not shown).
After 24 h of fermentation, tyramine content was at 113.44 mg/kg in the group with addition of nicotinic acid at 0.15%, which was reduced by more than 30% compared to that in the control (170.06 mg/kg) (Fig. 3) . When cheonggukjang was manufactured after addition of nicotinic acid at concentration of 0.15%, tyramine content was further reduced to 212.06 mg/kg, which was reduced by more than 60% compared to that in the control (698.67 mg/ kg) at the end of fermentation (48 h). For cheonggukjang added with nicotinic acid at more than 0.20%, tyramine contents ranged from 117.27 to 133.94 mg/kg at the end of fermentation. Tyramine reduction was more influenced by the addition of nicotinic acid at concentration of 0.20% compared to that at concentration of 0.15%. However, 0.15% might be the optimum concentration of nicotinic acid due to its effective reduction of tyramine content without affecting the growth of Enterococcus cells, even when higher numbers of Enterococcus cells are present in the food system.
